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antiferromagnet Nd,BaNiOg

A. Zheludev and S. Maslov
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

T. Yokoo and J. Akimitsu
Department of Physics, Aoyama-Gakuin University, 6-16-1 Chitosedai, Setagaya-ku, Tokyo 157 Japan

S. Raymond
Universitede Geneve DPMC 24, quai Ernest Ansermet 1211, Geneve 4, Switzerland

S. E. Nagler
Oak Ridge National Laboratory, Building 7692, MS 6393, P.O. Box 2008, Oak Ridge, Tennessee 37831

K. Hirota
Department of Physics, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578, Japan
(Received 21 October 1999

Inelastic neutron scattering experiments on,B&NiO; single crystals and powder samples are used to
study the dynamic coupling of one-dimensional Haldane-gap excitations iS=te Ni’"-chains to local
crystal-field transitions, associated with the rare earth ions. Substantial interference between the two types of
excitations is observed even in the one-dimensional paramagnetic phase. Despite that, the results provide solid
justification for the previously proposed “static staggered field” model RgBaNiO; nickelates. The ob-
served behavior is qualitatively explained by a simple chain-random-phase-approximation model.

I. INTRODUCTION gap was shown to increase quadratically wikth, in
Pr,BaNiOs;, Nd,BaNiO; , and (NdY;_,),BaNiOs; systems
Linear-chain rare earth nickelates with the general for-in their magnetically ordered phases.

mula R,BaNiOs; were recently recognized as unique model The focus of the present paper is on a different, poten-
compounds for experimental studies of Haldane-gap quartially very important, aspect in the magnetismR§BaNiOy
tum spin chains in strongtaggeredapplied fields: In these  materials, namely, on the strong spin-orbit interactions typi-
materials the Haldane subsystem is formed by chainS of cally associated with rare earth ions. Of particular interest are
=1 Ni?" ions with relatively strong, almost isotropic, local (single-ion crystal-field (CF) excitations of the rare
nearest-neighbor antiferromagnetiaF) exchange interac- earths and their possible interactions with the Haldane-gap
tions (J=~27 meV). The corresponding Haldane energy gapmodes propagating on the Ni chains. Until now this effect
in the magnetic excitation spectrum As~11 meV2~’ An has not been investigated in sufficient detail. The models
effective staggered exchange fiettl, acting on these one- used forR®* in R,BaNiOs were in most cases restricted to
dimensional(1D) objects is generated by three-dimensionalconsidering the ion’s lowest-energy electronic configura-
(3D) magnetic long-range ordering in the “auxiliary” sub- tions: effectiveS=1/2 doublets for Kramers ions like Nd
lattice of magnetic rare earth ions, which typically occurs ator EP* (Ref. 9 or singlets for Pt (Ref. 3. Higher-energy
Néel temperatures of several tens of kelfilthe magnitude electronic states were entirely ignored. Yet, in a number of
of the staggered field is proportional to the ordered momenaterials, particularly in NsBaNiOs,* several CF transitions
on the R®*" sites, and can be varied in an experiment, byoccur very close to the Haldane-gap energy. In this situation
changing the temperature. Static magnetic properties cd strong coupling between the two types of excitations can
R,BaNiO; compounds are rather well described by thebe expected. Does this interaction limit the applicability of
chain-mean-fieldMF) model®® Using this theory to analyze the SSF model? Does it give rise to peculiar “mixed” Ri-
the measured temperature dependences of magnetic order @xcitations? If so, do these “mixed” modes retain a pre-
rameters for a number d®,BaNiOs; species previously en- dominantly 1D character of Haldane-gap excitations? In the
abled us to extract thetaggered magnetization functifor a ~ present paper we address these important and interesting
single Haldane spin chathThese experimental results were questions in a series of inelastic neutron scattering measure-
found to be in excellent agreement with theoretical calculaments on NgBaNiOs.
tions for isolated chain®'* The view ofR,BaNiOs systems

as Haldane spin chains immersed in a static staggered field Il. EXPERIMENT
(SSH model turned out to be successful in describing the
behavior of Haldane-gap excitations as wéftIn agreement The crystal structure oR,BaNiOs; compounds is dis-

with analytical®*2 and numericat predictions, the energy cussed in detail elsewhet® Nd,BaNiO; crystallizes in an
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FIG. 1. A schematic representation of the magnetic interaction
geometry in the structure d&®,BaNiOs.

orthorhombic unit cell, space groummm a~3.8 A, b
~5.8 A, andc~11.7 A% The S=1 Ni chains are formed
by orthorhombically distorted NiQoctahedra that are lined
up in the (100) crystallographic direction, sharing their api-
cal oxygen atoms. The Nd sites are positioned in betweer
these chains, linking nearest-neighbor chains along the crys
tallographicb axis (Fig. 1). We shall denote the correspond-
ing exchange constant a§. In addition, one can expect
substantial coupling of each Rt ion to two NP sites in a
third nearby chainexchange constadt). The site symme-
try for the rare earth ions is sufficiently low, and the elec-
tronic ground state for Nt is a Kramers doublet. The &k
temperature for NgBaNiO; is Ty=48 K. The magnetic |
structure is as described in Ref. 8 and 14. ool v 1

The simplest technique used to locate CF excitations is 0 20 40 60 80 100
inelastic neutron scattering on powder samples. Such mea Energy (meV)
surements were previously performed on,RdNiO; for en-
ergy transfers up to 30 meV using a three-axis spectrorfieter. FIG. 2. LAM-D inelastic spectra measured in JB&NiO; pow-
To learn about higher-energy CF transitions we carried oudler samples at different temperatures. The contribution of the
preliminary experiments on the time-of-fligiTOF) spec-  sample holder has been subtracted.
trometer LAM-D, installed at the spallation neutron source
KENS in the High Energy Accelerator ReseartkEK).  with 60'-40'-40'-120 collimations and a pyrolitic graphite
LAM-D implements the so-called inversion geometry and is(PG) filter positioned after the sample. PB02) reflections
equipped with four fixed PG crystal analyzers. The measurewere used for monochromator and analyzer. The measure-
spectra are automaticall® integrated in a certain momen- ments were done with energy transfers up to 35 meV. The
tum range that roughly corresponds to 1-2 *Aat zw  Sample environment was a standard Displex refrigerator, and
=0. Energy transfers from 2 meV to 200 meV are acces- the temperature range 35-65 K was explored. The growth
sible. The energy resolution at the elastic scattering positioflirections of the crystals roughly coincide with the (100)
is about 300 eV and the relative resolutiof( w)/fw is crystallographic axis. In the experiment the crystal rods were
fairly constant, around 4%, betweém=2 and 60 meV. In therefore positioned horizontally in the scattering plane. In
the experiment we used roughly 10 g of J8&NiOs powder  this geometry absorption effects, primarily due to the pres-
prepared by the solid-state reaction method. The sample egnce of Nd nuclei, may be substantial, as will be discussed in
vironment was a standard closed-cycle refrigerator. detail below.

Most of the data presented below were obtained on
single-crystal samples. These experiments were carried out at . RESULTS
the High Flux Isotope React@gOak Ridge National Labora-
tory) on the HB-1 triple-axis spectrometer. We used the same
assembly of three coaligned single crystals as in previous Inelastic powder experiments, while obviously less infor-
studies’ The sample was in all cases mounted with themative than single-crystal measurements, provide a conve-
(h,k,0) reciprocal-space plane parallel to the scattering planaient view of the excitation spectrum in a wide energy range.
of the spectrometer, to compliment previous,QJ) mea- Figures 2a)—2(d) show the measured inelastic spectra for
surements. A neutron beam of 14.7 meV or 30.5 meV fixedNd,BaNiOs powder atT=16.5, 55, 100, 300 K, respec-
final energy of 30.5 meV fixed incident energy was usedively. The background originating from the sample holder

Intensity (arb. units)

A. Powder data
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FIG. 4. (a) Contour plot of inelastic scattering intensity mea-
sured in NgBaNiO; at T=55 K at the 1D AF zone centen
=2.5 in a series of consta@- scans(20 counts/3 min contour
steps. The symbols show the energies of Hald#ciecles and two
crystal-field excitations(triangles, as determined from fitting a
model cross section to individual scafis). The result of a global fit
to the data shown ia).

Intensity (counts/ 3 min)

range magnetic orderirfgBelow T=20 K the Haldane gap
was previously shown to exceed 15 m&\h apparent con-
tradiction with this single-crystal result, the 11 meV shoulder
is weakened but still visible in our new 16.5 K powder data.
One possible explanation of this is that the shoulder is par-
tially due to a weak, previously unobserved CF excitation: at
low temperatures the Haldane gap increases, but the new CF
mode stays at 11 meV energy transfer. Some of the single-

T=55 K at the 1D AF zone centér—2 5. at different momentum crystal results presented below support this interpretation.
transfers perpendicular to the chain adgmbols. The solid lines A more complete, quanutatlve, analysis of the powder_
are a global fit to the model cross section, as described in the texg@t@ is not presently possible, as the phonon background is
The hatched, light-gray, and gray peaks represent partial contrib 10t known. In the future we plan to supplement these data

tions from the Haldane-gap and two crystal-field excitations, re-With “background” measurements on,BaNiG;, to isolate
spectively. the magnetic contribution of the rare earth ions in

Nd,BaNiOs. For the purpose of the present paper, however,
was measured separately and subtracted from the data s&te can draw one useful conclusion: in trying to understand
shown. Each scan corresponds to 16—20 h of counting timéhe coupling of the Ni and Nd subsystems on energy scales
At T=55 K, above the Nel temperatureTy=48 K, one comparable ta\, we can safely restrict ourselves to consid-
clearly sees at least three features that are likely to be Nd-Céring the two strong CF excitations at 18 meV and 24 meV
excitations[Fig. 2(b)]. In addition to the two previously only.
identified low-energy modes aE;=18 meV and E,
=24 meV energy transféra broad yet intense peak is seen B. Transverse intensity modulation
at 40 meV. As in previous three-axis powder measurements,
at 11 meV one can also see a shoulder corresponding to
Haldane excitations. The latter are known to have a steep Having verified the location of major CF excitations in
dispersion along the chain axis. As a result, compared to thpowder measurements, we proceeded with more detailed
dispersionless CF excitations, the Ni-chain modes appeaingle-crystal experiments. As a first step, we investigated
substantially weakened in a powder experiment, as opposdtie b-axis dependence of intensities and energies for the Ni-
to single-crystal measurements. No substantial scattering ishain and Nd-CF excitations near the 1D AF zone center.
seen within the Haldane gap. At=100 K the 11 meV Typical constant) scans collected &= (0,k,2.5), for sev-
shoulder is much less pronounced, while the CF peaks reeral values ok, are shown in Fig. 3. A total of nine scans of
main almost unchangddFig. 2(c)]. As could be expected, at this type were measured, withranging from 0 to 1, afl
high temperatures the entire spectrum becomes smeared oca65 K (just above the temperature of magnetic ordering,
[Fig. 2(d)]. Ty=48 K). These data are summarized in the intensity-

A drastic change in the spectrum occurs upon coolingcontour plot in Fig. 4a). Peaks corresponding to the Ni-
through the Nel temperaturdFig. 2@, T=16.5 K. An  chain excitations and to the two CF modes are clearly seen.
intense resolution-limited peak emerges inside the gap and iBhe central result of this work is théhe relative intensities
centered at 4 meV energy transfer. This feature corresponas these excitations appear to vary significantly with trans-
to a dispersionless Ising-like spin wave associated with longverse momentum transfer

FIG. 3. Typical constan® scans measured in BBaNiO; at

1. Constant-Q scans
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FIG. 5. (a) k dependence of excitation intensities measured inp|otted with symbols in Fig. @). To within experimental
Nd?Be}N_iO_c, atT=55 K, as deducgd from model cross section fitS grror the CE branches appear flat, and only a very small
to individual constQ scans[see Fig. 4a)]. (b) k dependence of dispersion is seen in the Haldane mod&sg. 5b)]. The
Haldane-gap energy, determined in the same fashion. Solid lines ai-elaldane-gap energy is a maximum at the transverse zone

ides for the eye. . . L .
ad 4 boundaryk=0.5. The intensity variation for each mode is

To better understand this intensity variation and to lookSnOWn in Fig. $a). The intensity of the 18 meV excitation

for a transverse dispersion in any of the three modes, w@PPears aimost independent. At the same time, intensities
analyzed each of the measured ca@sscans using a semi- Of both the Haldane and the 24 meV CF modes are strongly

empirical parameterized model cross section: k dependent, and are seemingly in “antiphase” one to an-

other.
S(Q,w)=54(Q,w) + $(Q,w) + S,(Q,w), (1 Data sets similar to those described above were also col-
lected atT=35 K, i.e., below the Nel temperature. These
B (O)AZ 1 5 results are summarized in Figs. 6 and 7. Compared to the
SH(Qw)=Sy" = [Fai( Q)% high-temperature measurements, the Haldane-gap energy is

I' (hw)?+A%(ho—fhag))/T?
(hw) (hw—fiwg) 2) increased to about 14 meV. The Haldane branch thus occurs

closer to the 18 meV CF mode. It is also almost twice as

S1(Q,w)=S8(hw—E)[ frg(Q)12, (3 weak as atT=55 K. As a result, the scattering of data
points in the measured transverse dispersion curve shown in
Sx(Q,w) =S 8(fhw—Ex)[ fng(Q)12, (4)  Fig. 7(b) is rather large, and the bandwidth cannot be reliably
determined. Compared to the high-temperature regime, the
(hwg)?=A?+v?sinP(Qya). (5)  magnitude of intensity variations in the both the Haldane and

) 24 meV excitations are visibly reducé¢see Fig. 7a)].
In these equationS,(Q, w), S;(Q,w), andS,(Q,w) are the
partial contributions of the Haldane-gap and two CF modes,
respectively. The coefficien8"), S\ andS{® represent
the intensities of each component. The spin wave velocity The final analysis of the measured const@nscans was
v="6.07A (Ref. 19 and intrinsic energy widtl' characterize performed by fitting a model cross section simultaneously to
the Haldane-gap excitations. In our analyiSisvas fixed to a  all data collected at each temperat(iFéggs. 4a) and Ga)].
value of 1 meV, as in previous studi%Q” is the projection Formulas 1-5 used to analyze individual scans were modi-
of the scattering vector onto the chain axis. Finafly;(Q) fied to allow for a transverse dispersion and intensity modu-
and fyg(Q) are magnetic form factors for Ni and Nd*  lation in each branch. The appropriate forms for thieske-
ions. The data analysis was performed assuming seven indpendences are derived in the theory section below. The
pendent parameters: the three intensity prefactors, a constararresponding expression for the magnetic dynamic structure
background, and the three characteristic energyieg,, and  factor near the 1D AF zone center is as follows:
E,. The cross section was convoluted with the spectrometer
resolution function and fit separately to each scan. Typical
fits are shown in solid lines in Fig. 3. This analysis yielded a S(Q,w)=S4(Q,w)+S;(Q,w) + S (Q,w), (6)

2. Global fits to data
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1.0 TABLE |. Parameters characterizing the transverse dispersion
o Nd,BaNiO, (a) and intensity modulation of the Haldane-gap and crystal-field exci-
g T=35K tations in NgBaNiGQ;, as obtained from global fits of a model cross
s / section to series of consta@t-scans.
©
=051 T=55 K, T=35 K,

g T~ Q=(25k0)  Q=(L52k0)
£ = N = }\ﬁ-— A (meV) 10.97(0.09 13.26(0.07
0.0 . . . . . Ay —0.17(0.0) —0.12(0.02
00 -02 -04 -06 -08 -1.0 By (meV) —0.19(0.19 0.64(0.15
S (arb. unitg 1.17(0.03 0.66(0.02
A, 0 (fixed) 0 (fixed)

141 § § B, (meV) 0 (fixed) 0 (fixed)

< 3 S (arb. unitg 0.20(0.09) 0.22(0.02

[

£ ° $ E, (meV) 23.8(0.06 24.6(0.09

— 5 A, 0.72(0.06 0.37(0.09
B, (meV) 0 (fixed) 0 (fixed)
SO (arb. units 0.34(0.01) 0.30(0.02)

00 02 04 -06 -08 -1.0
Kk (r.lu.)

the model cross section describes the observed behavior rea-
FIG. 7. (a) k dependence of excitation intensities measured insSonably well. As discussed above, the coefficients for inten-
Nd,BaNiO; at T=35 K, as deduced from model cross section fits Sity modulations in all three modes, as well as the dispersion
to individual const® scans[see Fig. 6a)]. (b) k dependence of bandwidth for the Haldane branch &&=55 K, determined
Haldane-gap energy, determined in the same fashion. Solid lines aig this analysis, can be considered rather reliable. On the

guides for the eye. contrary, the large value foB, at T=35 K is somewhat
suspect. In the refinement this parameter has a strong corre-
2 1 lation with E,; i.e., the Haldane gap is not very well re-
SH(Q,w)zsﬁ))? I 5 2{[fNi(Q)]2 solved. This also accounts for the large scattering in the
(hw)*+A%(hw—hwog)*/T points obtained in fits to individual scans in FigbY. There
T AL(F(O)Vf co bi2)}, 7 is little doubt, however, that the bandwidth of transverse dis-
H(Ti(Q)fre(Q))eos Q. b/2)} @) persion remains very small even in the magnetically ordered
S1(Q@)=SV8(hw—Ey(Qu ) fd Q)2 state.
+ A1 (fri(Q) frna(Q))cogQ, b/2)}, (8) 3. Wide-range constant-E scans
It is implied in Egs.(7)—(9) that the intensity modulation
_ (0) _ 2
$(Q @) =578 —Ex(Q)Nfrnd(Q)] in all modes is periodic along the axis. To verify this pe-

+ Ay(Fri(Q) Fra(Q))cos Q, br2)} (9) riodicity we performed constari-scans at the Haldane gap
' ' energy and athw=25 meV, covering a broad range of

(hwg)= A2+vzsin2(QHa) +Bycog(Q,b/2), (10) transverse momentum trqnsfers. Typical raw dgta collected at
T=55 K are shown in Figs. (@ and 9a). A serious tech-

E,(Q,)=E;+B;co&(Q, b/2), (11) nical problem with such measurements is that they are
strongly influenced by neutron absorbtion in the sample. In
E,(Q,)=E,+B,coZ(Q, b/2). (12) each scark varies significantly at a constant valuelofAs a

result, the crystal rods rotate relative to the incident and out-
In these equation®, is the component of momentum trans- going beams by a large angle. Absorbtion corrections could
fer parallel to theb axis. As explained in the theory section, be calculated, but additional undesirable effects arising from
the dimensionless coefficients,, A;, andA, quantify the the size (length of the sample, being comparable to the
admixture of Nd-CF spin fluctuations to the chain modes andvidth of the incident neutron beam, are difficult to account
vice versa.By, B;, and B, are respective magnitudes of for analytically. To correct the data for any transmission ef-
transverse dispersion. To minimize the number of adjustabléects, we measured the actual transmission coeffiamesitu.
parameters the valueB;=0, A,=0 (no dispersion ob- This was done separately for each point of the condfant-
served, andA;=0 (the mode appears not to be modulated scans performed. The monochromator, sample, and scatter-
were fixed, which hardly affected the fingf. The results of ing angles of the spectrometer were set to values calculated
the global least-squares fitting to thE=55 K and T ~ for a given point in the inelastic scan. The analyzer angles
=35 K data are shown in Figs(l®) and &b), respectively. were then set to the elastic position to measure the intensity
The refined values of all parameters are summarized in Tablef incoherent scattering. Incoherent scattering being isotro-
. In both cases a?=1.7 was achieved, which suggests thatpic, the measured incoherent intensity can be assumed to be
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FIG. 8. Measuring the transverse modulation of the Haldane-gap FIG. 9. Measuring the transverse modulation of the 25 meV
excitations intensity(a) constante scan measured in MBaNiO;  excitation intensity(a) constante scan measured in NBaNiOs at
at T=55 K near the 1D AF zone centeh=15 at fiw T=55 K near the 1D AF zone centhe=2.5 athw=25 meV.(b)
=11.5 meV(open circles The background is measured off the 1D Transmission curve for the scan shown in pa@ measured as
AF zone cente(solid circles. (b) Transimission curve for the scan explained in the text.
shown in panela), measured as explained in the text.

proportional to the effective transmission coefficient. Typicalantiphase with that of the Haldane branch. The data can be fit
measured transmission curves are shown in Figs. &d to Eq. (9), assumingA,=0.28(0.05) [solid line in Fig.
9(b). A few Bragg reflections were accidentally picked up in 11(b)]. Note that this value is less than a half of that deduced
these elastic scans, and the corresponding points were rfom the analysis of consta@-scans at the same tempera-
moved from the data sets shown. In Figéh)8and 9b) ar-  ture (A,=0.72). This discrepancy is easily understood. Even
rows indicate geometries of minimum transmission, realizect 25 meV energy transfer the Haldane-gap excitations con-
when the sample rods are parallel to the incident or the scatribute to inelastic scattering, thanks to their steep dispersion
tered beams. The measured transmission coefficients weeadong the chain axis that produces long “tails” on the high-
used to scale the measured coBsteans point by point. The energy side of the peak in consta@tscans. The contribu-
resulting corrected data are plotted in Figs. 10 and 11. tion of these tails was not taken into account in the analysis
Figure 10 shows transmission-correctedcans taken at of the wide-range condt-scan shown in Fig. 1b), but was
the Haldane-gap energy, near two 1D AF zone centters included in the global fit to consta®-scans. Our previous
=1.5 andh=2.5. The intensity falloff at largék| is mostly  estimate forA, should thus be considered more accurate.
due to focusing and to the effect of magnetic form factors. An important result is that away from the 1D AF zone
On top of this falloff, a periodic intensity modulation is center, ath=2.25, the 25 meV mode shows no oscillations
clearly seen. The data can be rather well fit to Efl.con-  of intensity [Fig. 11(a)]. To within experimental error the
voluted with the spectrometer resolution function. The fitsmeasuredk dependence can be explained by the Nd form
are shown in solid lines in Fig. 10 and correspondiip= factor along(solid line). This observation supports the notion

—0.19(0.02). This value is in good agreement with= that intensity oscillations result from a mixing between CF
—0.17, obtained from the analysis of const@nhtscans de- and Haldane-gap excitations. Away from the 1D AF zone-
scribed above. center Ni-chain modes occur at very-high-energy transfers

Figure 11b) shows that near the 1D AF zone center theand therefore do not interact with the dispersionless CF
intensity of the 25 meV CF mode is modulated as well, inbranch.
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. . FIG. 11. Transverse modulation of the 25 meV excitation inten-
FIG. 10. Transverse modulation of the Haldane-gap excnatlonséit . constanE scans measured in MBaNiCs at T=55 K awa
intensity: constanE scans measured in BBaNiO; at T=55 K Y N y

near the 1D AF zone centefs=1.5 (a) and h=2.5 (b) at fo from (a) and close to(b) the 1D AF zone centeh=2.5 atfw

=11.5 meV(symbol3. The measured intensity has been corrected 25 mev .(symbols). The measured intensity has been corrected
. far absorbtion and the measured background has been subtracted.
for absorbtion and the measured background has been subtracted.,.” . . - . .
. i X . . olid lines are fits to a model cross section, as described in the text.
Solid lines are fits to a model cross section, as described in the text.

reliable way to determine the Haldane-gapergyat any
transverse wave vector. Indeed, in Ref. 6 all scans were
The discovery of a substantial variation of the intensity intaken below 25 meV energy transfer, and thus include only
the CF excitations raises concerns about the procedure usetke 18 meV CF excitation. This mode, as we now know, is in
to analyze the inelastic data for N8aNiOs in Refs. 6 and 7. fact flat. The main results of Ref. 6 pertain to the temperature
In these studies the CF "“background” was measured awaylependence of the Haldane gap, which occurs even below 18
from the 1D AF zone-centers, where the Haldane modes an@eV in the studied temperature range, and are totally valid.
not seen. The background was then subtracted point by point
from the “signal” scans measured at the 1D AF zone center.
It was assumed that such background-subtracted scans are a
good measure of inelastic scattering originating from the Ni  The mixing between the Haldane-gap and 24 meV CF
chains alone. We now understand that this approach is, imodes should be most prominent at points of reciprocal
principle, not valid. Although CF excitations are almost dis-space where the two excitations have similar energies. While
persionless, their intensity in the “background” scans will the CF excitation is practically dispersionless, the Haldane
not necessarily match that in the “signal” scans. Accordingbranch has a steep dispersion along the chain axis, and can
to the theoretical model described below, the procedure cabe expected to anticross with the 24 meV branch rather close
only be applied ak=(2n+1)/2, h=(2m+1)/2 (m, ninte-  to the 1D AF zone center. To investigate this phenomenon
gen, where there is no mixing between Ni-chain and Nd-we measured the intensity of inelastic neutron scattering
single-ion excitations. The data analysis employed in Ref. 7from Nd,BaNiOs on a grid of points inh-E space atk
where measurements were performedat(1.5,0.5,0), is =0.5,h=1.5-1.8, aff=55 K. The result of this measure-
thus fully appropriate. In Ref. 6, on the other hand, the datanent is summarized in the grayscale-contour plot in Fig. 12.
were taken ak=0, and the background subtraction may, in The circles and squares show the positions of peaks seen
principle, have produced systematic errors. It appears, howwvhen the data are broken up into a collection of constant-
ever, that point-by-point background subtraction is a fairlyand constanE scans, respectively. The most prominent fea-

4. Previous data analysis procedures revised

C. Dispersion along the chain axis
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30 = . : and Nd magnetic degrees of freedom. In the following sec-
g\ \/\/\,\/\\' Nd,BaNiO, tions we shall demonstrate that this mixing can be qualita-
T=55K tively accounted for by a simple random-phase-
o5 Q=(h,-0.5,0) approximation(RPA) model for NiR interactions.
Intensity log plot A. Bare susceptibilities
(counts / 3min) 1. Ni chains
< 20 I 220 _ . o .
= ‘ ¢ [ BES The first step in the RPA analysis is to determine the bare
E ' B 56 (noninteracting dynamic susceptibilities for the Ni and Nd
w 3t sublattices. For the Haldane spin chains in the vicinity of the
15 111 1D AF zone centeq= 7 we can safely use the single-mode
= O i 17-19
s N e 33 approximation
10 o XW(Qw)= 2oyl <
56 N 2 A%+u%si(Qpa)— (hwtie)?
Q=(h,-0.5,0) 47 (13
- . T . In this formulaQj is the projection of the momentum trans-
1.5 1.6 1.7 fer Q onto the chain axisy is the spin wave velocity in the
h (r.l.u) chainsp~6.07A, andZ~1.26(Ref. 15. It is easily verified

L ) _ _that for scattering vectors close to the 1D AF zone center Eq.
FIG. 12. Logarithmic contour plot of inelastic neutron scattering (2) used to fit the the inelastic scans coincides with the
intensity measured in N8aNiO; atT=55 K near the 1D AF zone imaginary part of Eq(13) in the limit e—0. In the magneti-
centerh=1.5. Circles and squares show peak positions as the%ally ordered state, i.e., in the presence of an effective mean
appear in constar-and constan@ scans, respectively. The bars field Hyr, Eq (13),C;’ir;,5ti|| be utilized. However, the cor-

are peak widths at half height. Solids lines are guides for the eye. di ies for the th ts of the
Dashed lines represent the dispersion relation expected for tHESponding gap energies for the three componen

Haldane excitation§parabola and 25 meV CF modéstraight ling Haldane triplet will be modified byHcs, as discussed in
in the absence of mode coupling. The dash-dotted line shows th&€fs- 9, 10, 20, and 6.
position of what seems to be a weak, previously unobserved CF .
excitation. 2. Rare earth ions
For the rare earth subsystem the bare single-ion suscepti-

ture of the spectrum is an anticrossing at the point of interbility cannot be written down so easily, as the exact elec-
section of the flat 24 meV CF mode and the parabolictronic configuration ofR3* in R,BaNiOs; has not been cal-
Haldane branch. The solid lines are guides for the eye thatulated to date. When we were concerned with the
emphasize this effect. The anticrossing gafc2can be es- mechanism of magnetic ordering in MBBNIO; in Refs.9
timated to be roughly 4 meV. Note that there is no evidenceand 6, we were dealing with th&tatic susceptibility of the
of anticrossing of the Haldane and 18 meV CF branches. rare earths. For Nid at low temperatures the static suscep-

A much less significant feature that is barely seen withintibility can be, to a good approximation, attributed to the
the statistics of the measurement is what appears to be a ndwwest-energy Kramers doublet and written a&8=al/2 Bril-
dispersionless mode dtw~12 meV (dash-dotted line in louin function. For our present purpose of studying the
Fig. 12. In the single-crystal sample it appears much weakenamiccoupling of Nd and Ni subsystems we are interested in
than the the Haldane mode, but nevertheless may account ftiie dynamic susceptibility of Nd* at frequencies compa-
the “shoulder” seen in powder samples B=16.75 K, as rable to the Haldane-gap energy. In the paramagnetic phase
discussed previously. This feature is substantially weakethe contribution toyyg from the ground state doublet is
than the other two CF excitations, and we shall disregard ipurely elasticand can thus be totally ignored in the RPA

in the following analysis. calculation. AtT> Ty we therefore only need to consider the
contribution of transitions between the ground-state of the
V. THEORY ion and higher-energy crystal-field levels. In the ordered

phase, we also have to take into account single-ion transi-
It is rather interesting that in N8aNiOs the pronounced tions within the ground-state doublet, which becomes split

transverse modulation of intensity in the Ni-chain and CFby the mean exchange fieldAs a first step, we shall con-
excitations isnot accompanied by any significant transversesider only one excited level of Nd, at energyE. Transi-
dispersion. If we were dealing with a one-component systemtjons from the ground state to the excited state produce the
e.g., directly coupledchains, a narrow bandwidth along a following term in Nd single-ion susceptibility:
given direction would automatically result in only a weak
periodicity in the structure factor. For magnetic excitations in ©) 5
a Bravais crystal, this follows from the sum rule for the first Xnd(@) =M WR(T)- (14
moment of the magnetic dynamic structure fac$0qg, w).® (Raotie)
The strong modulation and lack of dispersion in,BeNiOs In this formula M is the matrix element of the magnetic
must therefore be an interference effect that involves both Nmoment operator between the ground state and the excited
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state.R(T) is the temperature renormalization factor definedtals, the couplingl, is geometrically frustrated. Indeed, it
as the difference in populations of the excited and groundinks a singleR®* moment to two subsequent Ni spins in
states. To simplify our qualitative analysis, in E44) we  the chains that are strongly coupled antiferromagnetically be-
have ignored any terms that are off diagonal in spin projectween themselves. As a result, at the MF ledglplays no
tion |ndexes and the above formula thus applles toa parthLh)|e in |Ong range Ordenng Below we shall arbm‘ar”y as-

lar selected channel of spin polarization. sume that the exchange matrix is diagonal in spin projection
' indexes. In the body-centered structure, with tisites per
B. Interaction geometry every Ni, we have to consider six magnetic ions{I)iat

Let us now consider the geometry of Ni-Nd exchange(0.5,0.5,0, Ni(2) at (0,0,0.5, Nd(3) at (0.5,0,d, Nd(4) at
interactiongFig. 1). The antiferromagnetic coupling denoted (0.5,0,-d), Nd5) at (0,0.5,d-0.5), and Nd6) at (0,0.5,
by J, stabilizes the magnetic structure seen in the low-—[d—0.5]), where d~0.2. For the RPA calculation we
temperature phase, and is responsible for the staggered mea@ed the Fourier transform of the exchange matrix in this
field at T<Ty. As is often the case in body-centered crys-basis set:

0 0 J(Q JI(Q XQ JI(Q
0 0 J(Q J(Q J(Q JI(Q
J(Q J33(Q 0 0 0 0

J(Q= : (15)
. JWQ Q@ 0 0 0 0
J3(Q J(Q 0 0 0 0
J(Q J(Q 0 0 0 0
J1(Q)=2J,cog wk)exp2mild), (16)
J,(Q)=2J,cog wh)exd 2il (d—0.5)]. (17
|
One readily sees that, in the reciprocal-space plahez T2 =131(Q) £ J,(Q)|>=4J3cog( k) + 4J5c0€(rh)
+1/2]) (n integey, J; interactions cancel out and can be
ignored. A similar cancellation occurs fak, in the ((2n *16J;J,co8 wk)cog wh)cog 7). (19

+1)/2k,1) (n intege) planes. These cancellations resultWe have implicitly dropped the (2 cosQa)/2 factor mX(O)
from interaction topology, and do not rely on any of our . the temperature fact¥in X(O)
Nd

assumptions regarding the bare susceptibilities. Particularly useful is the linearized version of Ed.8)

which becomes valid in the weak-coupling limit:
C. RPA susceptibility

The assumptions made above bring us to a simple mode- har(Q)=Ag — 7.(Q) ,Zv EM?
coupling problem in each channel of spin polarization. The ! Q v A E2— AQ
RPA susceptibility matrix is written ag¢RPAQ,w)=[1 I
+x%(Q®)3(Q] X(Q w). EM?
h + 22V
1. Dispersion Q)=+ 7(Q A E2— AQH
The dispersion relation is obtained by solving the equa-
tion det( x*PA]"1)=0. In our case of only one excited Nd EM?
state this can easily be done analytically. With six indepen- has(Q)= AQ“ J- (Q) A E2_ A2
dent atoms we obtain six modésvo of them degenerate Qn
2_ 2 2\2 2 Zv M?2
2(fhwy9)?= A% +E*\[(AG —E?)*+8EMZu 7%, ho(Q=E+ T (QP Al
Q|
2(hwy)?= A% +E?*x \[(AS —E?)2+8EM?Zv 7,
” ” fwsd Q)=E. (20)
hwse=E, (18)  The first and third branches can be described as Ni-chain

) ) Haldane-gap modes with an admixture of Nd-spin correla-
where we have introduced the notatlorzi&QH A" tions. The second and fourth branches, conversely, are CF
+vzsin2(QHa), and excitations with a small component of Ni spins. If the Nd-
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single-ion excitation lies above the Haldane branch at a 270

given wave vector, the energy of the Ni-chain mode is 26E3.4,=TJ_-M = (21
pushed down by Ni-Nd interactions, while the CF excitation

energy is increased. The reverse is expected in the case of a

single-ion excitation inside the Haldane gap. Modes 5 and §or the two pairs of intersecting same-symmetry branches,
appear as totally unperturbed single-ion transitions. A veryespectively. Intersection of branches of different symmetry
important result is that the transverse dispersion resulting; 4) and(2,3) does not lead to an anticrossing effect.
from Ni-R interactions igjuadraticin 7 and is thus expected
to be very small in the weak-coupling limit.

Also useful for our purposes are values of anticrossing
gaps at the point of mode intersection. According to Egs. The inelastic neutron scattering cross section is related to

2. Intensity modulation

(18) these are given by the imaginary part of dynamic susceptibility through the
fluctuation-dissipation theorem. To get the actual intensities
28E, = T.M 2& we also have to take into account the Ni aRdmagnetic
Loz Je E’ form factorsf;(Q) and fyy(Q):
fni(Q)
frni(Q)
do R fna(Q)
—0 “Lfni(Q) fhi(Q) frg(Q) frna(Q) Fra(Q) fna(Q) X" (Q @) : (22)
dQ fna(Q)
fna(Q)
fna(Q)
|
The task of calculating the total”’(Q,w) is greatly simpli- 3. Results for the 1D AF zone center

f";‘g in the weako-couplmg "m(')t' where one can writt  The expressions for the dynamic structure factor can be
X A(Qj“’)f[l_)( (Q@)IQIx(Qw). At this level of  ¢,her simplified for scattering vectors if(2n+1)/2k,1)
approximation the two Haldane excitatiofisodes 1 and B (py jntegey reciprocal-space planes, where most of the neu-
are not distinguished. The same applies to CF modes 2, 4, §, gata were collected. Here the effectlfis totally can-

antljd 6. For (;he sum _th ';he pa(;tial Cross sr(?ctionds_ of thei:‘eled, and there are only three branches in the spectrum: the
Haldane modes a straightforward yet somewhat tedious cajagane branchlabeled “H"), a CF branch that interacts

culation gives with the Ni-chain excitationg“CF” ), and the unperturbed
CF transition(*‘CF’"). Using Eq.(22) on the exactrather
doj.z Zv M? than linearizegl RPA susceptibility matrix and truncating the
— | fni(Q)P = 4fi(QFn(Q) - result to the first order id;, we obtain
dQ AQ” EZ_Aé
I
dO'H ZU 2
XRe[Jl(Q)+32(Q)]) _ (23) d_QOCA_QH fni(Q)* =831 fni(Q) fna(Q)
2
Similarly, for the single-ion modes, X5 écos{wk)cos{ZTrld)) , (25
I
d0'2 4 ZU
d—(;(szz frd( Q)2+ 4fi( Q) fnd Q) ———- docr
E°-Ag, 0 “2M?| fg( Q[ 1+ cog4mld)]
><R6[J1(Q)+J2(Q)]) : (24) Zv
+8J:1fni(Q) Fna(Q) cog wk)jcog2xld) |,
EZ—Aé"

One readily sees that, unlike the corrections to the dispersion (26)
relation, corrections to mode intensities #reear in J; and
J, and can be substantial. The linear form of E@S), (23), do
and(24) enables a straightforward generalization to the case CFy 2 2rq
of several Nd-single-ion transitions. dQ #2M o Q)71 —coddmld)]. @7)
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The intensity of all three modes becomes modulated. Théndeed,J, should be related tar through J;MNDM (N

period of modulation along thie axis is exactly ®*, while

= al2, which givesd;~0.5 meV, in reasonable agreement

that alongc is incommensurate with the lattice. For the with our new estimate.

reciprocal-space rod€2n+1)/2k,0) (n intege) the mode

A more crude estimate can also be obtainedJgrwhich

CF, vanishes and only two branches remain. For the purpos@ our model is the only possible source of the observed

of convenience we shall also rewrite E¢20) for the ((2n
+1)/2k,1) (n intege) planes:

hon(Q)=Ag — 43,022 EM? co(mk), (28)
Wy —AQ,~ 41 Iﬁ 7K),
” E* Ag

2
hocQ)=A+ 431(Q)ZZA—U %COSZ( k), (29
Q|

anticrossing between the Haldane and 24 meV CF branches
(Fig. 12. Indeed, ak=0.5 where these data were taken the
effect of J; is canceled, according to E(L6). Experimen-
tally, the anticrossing is about 4 meV. From Eg1) we get
Jo,M;,~0.8 meV. The 24 meV CF mode and the Haldane
excitation are of comparable intensity, and based on Egs.
(25) and (26) we can assume thal>~Zv/A, which gives
M~3. This gives us an estimate fdp: of the order of 0.2
meV. This is a rather reasonable value for a rare-earth—

transition-metal superexchange bond.
hwcr,(Q)=E.

As noted previously, the magnitude of transverse dispersion ) N
is proportional toJ?. In the magnetically ordered phase an additional Nd-
We cannot expect the model described above to be quagentered excitation, namely, the 4 meV lIsing-like spin wave
titatively valid for any reaR,BaNiOs system. Its main limi- that appears beloWy (seeT=16.5 K data in Fig. 2 will
tation is that it assumes the exchange matrix and the matri@/SO mix with the Ni-chain modes. Being inside the Haldane
elements of momentum between the rare earth ground arfP: it will produce intensity and energy modulations that are
excited states to be simultaneously diagonal in spin projec?PPOSite to those resulting from the mixing with the high-
tion indexes. In theR,BaNiO; structure, the rare earth sites €N€rgy 24 meV branch. Intensity oscillations in the Haldane
have a very low symmetry and the bare susceptibility and’ranch will thus be reduced, in agreement with our experi-
exchange matrixes are bound to be rather complex. We Camental findings. As observe_d in previous studl_es,_the inten-
however, expect the model to make qualitatively correct preSty ©f the peak corresponding to Haldane excitations is re-

dictions regarding the periods and signs of modulations ofluceéd by almost a factor of 2. This results from the
excitation intensities and energies. suppression of the-axis-polarized Haldane excitatidion-

gitudinal mode in the ordered statéln the framework of the

RPA model, a decrease of spectral weight in the Haldane
] o ) ] branches inevitably leads to a smaller interference effect in
For Nd;BaNiO; we should distinguish two regimes. At he CF mode. Such a reduction of intensity modulation in the

T>Ty, at energy transfers below 30 meV, only the 18 meVqgereq state is indeed observed experimentally for the 24
and the 24 meV Nd modes will mix with the Haldane-gap mey excitation(see Table )L

excitations. Experimentally, the 18 meV transition appears
totally decoupled from the Ni chains. This is most likely due
to its particular polarization and the actual form of the ex-
change tensors. For example, if the 18 meV excitation were
polarized along the axis andJ}* is zero, then no mixing We have demonstrated that local excitations associated
would occur. The 24 meV excitation is thus the only one thatwith magnetic rare earth ions play an important role in the
mixes with the Haldane branches, producing the observethagnetism oR,BaNiO; quantum antiferromagnets. Even in
modulations. the 1D (paramagneticphase there are substantdtnamic
The RPA model, oversimplified as it is, justifies the use ofinteractions between quantum spin chains and the rare earth
Egs. (6)—(12) in fitting the inelastic neutron scattering data. subsystem. This phenomenon can be qualitatively accounted
From this analysis we can even extract some useful quantfor by a simple chain-RPA model. Not having more detailed
tative information. According to Eq$28) and(25), the ratio  information on the electronic states of the rare earth ions,
By /Ay [see Eqgs(7) and(10)] is independenof any param-  using this model for a quantitative analysis of the data is
eters of the rare earth ions: obviously a leap of faith. It does, however, produce reason-
able order-of-magnitude estimates for Ni-Nd coupling con-
Zv stants.
BH/AH:ﬂJl' (3D At any temperature the Haldane-gap modes cannot be
considered as purely Ni excitations, and their interference
This is a robust result that allows us to obtain at least awith Nd-single-ion modes is substantial. Despite that, the
order-of-magnitude estimate fdg, without making any as- Haldane-gapenergyis practically the same as iisolated
sumptions regarding Nd. For an isolated Haldane spin chains in astatic mean exchange field, and the transverse
chainZv~7.6A, soBy/Ay~3.83;,. From theT=55 K ex- dispersion is very small. The static staggered exchange field
perimental valuesA=—0.17 meV andB=—-0.19 we get model is thus fully justified for NsBaNiOs, as are all our
J;~0.3 meV. We can compare this value to the MF cou-previous results for the temperatuisgaggered fielddepen-
pling « for Nd,BaNiO; that we obtained in Refs. 9 and 6. dence of the Haldane gap.

(30
5. Ordered state

4. Paramagnetic phase

V. SUMMARY
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